The aim of this study was to evaluate the accuracy of duplex ultrasound for the diagnosis of renovascular disease in a cohort of hypertensive patients. In 78 patients suspected of renovascular hypertension on clinical grounds duplex ultrasound examination of the renal arteries was performed. Renal angiography was used as the standard of reference. Duplex ultrasound was inconclusive in 11 kidneys (7%). None of the supernumerary renal arteries was detected with duplex ultrasound. The overall prevalence of significant renovascular disease (у50% stenosis) was 20%. Based on the combination of parameters at thresholds commonly applied in current literature: ie PSV max Ͼ180 cm/sec and RAR Ͼ3.5 the overall sensitivity of duplex ultrasound for detection of haemodynamically significant renovascular disease was 50.0% with a specificity of 91.3% (PPV: 87.9%; NPV:
Introduction
Identification of renovascular disease in hypertensive patients remains important as correction of renal artery stenosis may improve blood pressure control or stabilise renal function. [1] [2] [3] Conventional X-ray angiography is still the most accurate method to assess the presence and severity of renal artery stenosis. However, its invasive nature and high costs make this procedure unsuitable as a screening modality in a population of patients with a low prevalence of renal artery stenosis. Several less invasive tests (including captopril renography) have been proposed to select patients for angiography.
promising results as a non-invasive imaging modality for assessing the renal arteries, but to-date fails to depict the hilar and parenchymal renal arteries. Also, CT angiography shows excellent depiction of the first segments of the renal arteries, at the expense of a relatively large amount of (nefrotoxic) contrast material and radiation.
Duplex ultrasound has the potential to combine direct visualisation of the renal arteries with acquisition of flow velocity profiles, thus providing both anatomical and functional information and has been advocated as the optimal screening test. However, the results of studies concerning the validity of duplex ultrasound are sometimes conflicting and there is no general agreement about its value as a screening test for renovascular disease. 8, 9 The aim of this study was to evaluate the accuracy of duplex ultrasound for the diagnosis of renal artery stenosis in a cohort of unselected hypertensive patients with clinical suspicion of renovascular disease using conventional renal angiography as the Journal of Human Hypertension standard of reference. In addition, we tried to determine the most useful combination of thresholds for the applied ultrasound parameters.
Materials and methods

Patients
Over a period of 3 years, 78 consecutive patients with malignant, accelerated and/or treatment-resistant hypertension (blood pressure Ͼ160/100 mm Hg despite treatment with two or more antihypertensive drugs), loss of renal function after angiotensinconverting enzyme (ACE) inhibition, unilateral loss of kidney volume or unexplained deterioration of renal function (change in serum creatinin Ͼ20 mol/l within 12 months) were examined by both colour duplex ultrasound and conventional Xray angiography of the renal arteries.
The results of seven patients were excluded from analysis because duplex ultrasound was performed only after endoluminal renal intervention. Thus, data of 71 patients was available for evaluation and comparison. Thirty-three (46%) of these patients were men and 38 women; mean age was 55 years (range 20-78 years).
Duplex ultrasound
The ultrasound studies were performed using a colour duplex scanner with a 2.5 and/or 5.0 MHz probe (Aloka Company Europe, Hoofddorp, The Netherlands) with the patient in a supine position. Patients were either fasting or had received a clearliquid diet since midnight on the day before the examination. The patients were examined in anterior, lateral and anterolateral positions. The renal length was recorded for each kidney. Doppler samples were taken along the course of the renal arteries as well as in the abdominal aorta at the level of the renal arteries. Peak velocity readings were obtained by means of angle correction with Dopplerto-vessel angle of less than 60°and a 2 mm Doppler gate width. Following published criteria, a peak systolic velocity in the renal artery (PSV max ) of more than 180 cm/sec and its ratio to the peak systolic velocity in the abdominal aorta (RAR) of 3.5 or more were used to discriminate a renal artery stenosis of Ն50%. [10] [11] [12] A renal artery stenosis of Ͻ50% was defined as PSV max Ͼ180 cm/sec in combination with a RAR Ͻ3.5.
The grey-scale images were not used to confirm or refute a diagnosis of renal artery stenosis. Renal artery occlusion was diagnosed when there was no flow signal in the renal artery and a low amplitude velocity signal from the renal parenchyma. The ultrasound studies were interpreted without knowledge of the results of angiography. Two vascular technicians experienced in the use of Doppler techniques performed all examinations. The technicians often sought the help of their colleague for patients who were difficult to examine. No difference was noted in the accuracy of the results or in the quality of the studies among the two technicians who participated in our study. The examination time lasted between 45 and 60 min for both sides.
Conventional angiography
Angiography of the abdominal aorta and renal arteries was performed in the anteroposterior view with injection of 35 ml contrast material through a 5-F pigtail catheter (William Cook Europe, Bjerskov, Denmark) positioned at the level of the renal arteries. If the renal arteries were not adequately depicted, additional angiographic series were obtained in oblique projections and/or selective renal angiography was performed with an end-hole catheter (William Cook-Europe).
For the purpose of this study two independent observers, who were unaware of the duplex ultrasound results and/or clinical history interpreted the angiographic examinations again. The status of the renal artery was graded into four categories: normal; less than 50% stenosis; greater than 50% stenosis; or occluded. Renal arteries with evidence of fibromuscular dysplasia (FMD) were graded as significantly stenosed (у50%). The two observers reviewed discordant cases together to come to a consensus decision.
Statistical analysis
Sensitivity and specificity and positive and negative predictive values regarding the detection of significant renal artery stenosis were calculated at the level of the separate kidneys as well as at the level of patients with the results of conventional angiography as the standard of reference. Determination of the best threshold of the duplex ultrasound parameters included receiver-operator curve analysis (ROC) and calculation of sensitivity, specificity and positive and negative predictive values at various thresholds.
Results
A total of 141 kidneys were examined in 71 patients. One kidney could not be examined because it had previously been removed surgically.
The duplex ultrasound study was unsuccessful in 11 kidneys (7%) due to the presence of bowel gas and/or obesity. Of the remaining 130 kidneys, 106 (81.5%) showed a single renal artery. Twenty-four kidneys (18.4%) had supernumerary renal arteries on angiography, one of which showed a significant stenosis. None of these accessory renal arteries were detected with duplex ultrasound.
On the basis of angiographic findings, 104 kidneys without stenotic lesions or with mild renal artery stenosis (Ͻ50%) were identified. In 24 kidneys (18.4%) significant renal artery stenosis (у50%) was Data are presented as mean and standard deviations (s.d.'s). FMD = fibromuscular dysplasia; PSV max = peak systolic velocity; RAR = ratio of peak renal artery velocity to aortic velocity.
noted, including nine arteries with fibromuscular dysplasia (7%). Total occlusion of the renal artery was seen in two kidneys (1.5%), resulting in an overall prevalence of significant renovascular disease of 20%.
The range of renal size in the group of kidneys without or mild renal artery stenosis (Ͻ50%) was 8.4 -12.9 cm (mean length 10.7 cm), whereas the range in the group of kidneys with significant renal artery stenosis was 8.0-12.2 cm (mean length 10.6 cm).
The mean values and standard deviations of a peak systolic velocity (PSV max ) and peak renal to aortic velocity ratio (RAR) in relation to the angiography results are presented in Table 1 . Based on the combination of these parameters at thresholds commonly applied in current literature: ie, PSV max Ͼ180 cm/sec and RAR Ͼ3.5, the results of the duplex ultrasound examination at the level of the separate kidneys compared to the angiographic findings are displayed in Table 2. 11-13 Excluding inconclusive examinations and using a у50% stenosis or Renal artery stenosis Ͻ50%: PSV max Ͼ180 cm/sec and RAR Ͻ3.5. Renal artery stenosis у50%: PSV max Ͼ180 cm/sec and RAR Ͼ3.5. FMD = fibromuscular dysplasia.
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the presence of fibromuscular dysplasia on angiography as the diagnostic criterion for haemodynamically significant renovascular disease, these results show an overall sensitivity of 50% and a specificity of 91%. The overall positive (PPV) and negative (NPV) predictive values were 59% and 88% respectively. At the level of the individual patient the validity parameters show only marginal improvement with a sensitivity of 55% and a specificity of 84% (PPV 57%; NPV 82%). Receiver operating characteristic (ROC) analysis of the applied ultrasound parameters show comparable curves for both PSV max and RAR (Figure 1) .
To improve the validity parameters of our duplex ultrasound examination, the results were also analysed for both the PSV max and RAR at other thresholds. At a constant threshold of the RAR the ROCcurve and its area under the curve (AUC) for the PSV max were determined. By calculating this AUC at different values of the RAR threshold the optimal RAR threshold was obtained. In the corresponding ROC-curve the optimal threshold of the PSV max could be derived. This resulted in lower thresholds for both duplex ultrasound parameters. Lowering the peak systolic velocity threshold to 110 cm/sec yielded a sensitivity of 85% and a specificity of 51%. Similarly, lowering the threshold for the renal aortic ratio to 1.7 yielded a sensitivity of 81% and a specificity of 56%. Combining these parameter thresholds resulted in a sensitivity of 81% and a specificity of 64% (Table 3) .
Grading fibromuscular dysplasia (FMD) as significant renovascular disease (у50%), duplex ultrasound reached a sensitivity of 11% with a specificity of 81% in this subgroup of patients. PSV = peak systolic velocity; RAR = renal aortic ratio; PPV = positive predictive value; NPV = negative predictive value.
Discussion
The results of this study, carried out in a population of patients with clinically suspected renovascular disease, show only moderate results of colour duplex ultrasound in the detection of renal artery stenosis.
The clinical presentation of renovascular disease varies significantly between patients, ranging from incidental findings of renal artery stenosis on angiography to severe hypertension and progressive loss of renal function. Identification of renal artery stenosis still seems useful since surgical or percutaneous treatment of these lesions may improve blood pressure control and/or stabilise renal function, even though the latter has been disputed in a recent publication. 14 Numerous diagnostic tests have been proposed to identify patients with renovascular disease. However, none of them has received widespread clinical acceptance. The ideal screening procedure should be simple, non-(or minimally) invasive and highly accurate both for the detection of renovascular disease and for assessment of its clinical significance. Duplex ultrasound has been proposed as a promising modality in this respect, but reported data over the last 10 years have shown contradictory results in terms of its diagnostic accuracy. Some investigators report remarkable success, while others have reported dismal results in large unselected patient groups. 15, 16 A recent study declared duplex ultrasound to be most valuable not only in the screening for renal artery disease but also to estimate its functional significance by means of determination of the resistive index. 17 The duplex ultrasound performance in this study, however (ie, sensitivity 97%; specificity 98%), was derived from a previous report by the same authors in a selected group of patients with a high prevalence of renovascular disease (58%). 18 Therefore, implicit adoption of these test performance parameters to a non-selected population with a relatively low prevalence for renovascular disease (2.3%) seems somewhat premature and raises doubts about whether the resistive index has the same prognostic significance for the remaining patients with stenosis not detected by duplex ultrasound.
In the present study, duplex ultrasound parameters at thresholds commonly applied in international literature were used: peak systolic velocity Ͼ180 cm/sec (PSV max ) and peak renal to aortic velocity ratio Ͼ3.5 (RAR), resulting in an overall sensitivity of 50% and a specificity of 91% (PPV: 59%; NPV: 88%). This relatively low positive predictive value is acceptable for a screening test since it reflects the fact that a degree of overcalling is desirable to minimise false-negative rates. However, the false-negative predictive value, which is a more important predictor of the usefulness of a parameter in this respect, may prove to be too low for general screening purposes.
Post-hoc improvement of our duplex ultrasound results could be obtained by lowering both parameter thresholds. Based on ROC-curve analysis, including calculation of the respective area's under the curve, the preferred combination of the PSV max and RAR could be derived for the detection of renal artery stenosis. At thresholds for the PSV max and RAR of 110 cm/sec and 1.7 respectively, this combination showed reasonable results in terms of sensitivity, specificity and predictive values (Table 3) .
This reduction in duplex parameter thresholds contrasts with the otherwise wide range of established criteria published in international literature. 13 The contrast can be explained by a systematic underestimation of the peak: systolic velocity resulting in relatively low threshold values for both PSV max and RAR in our study group, which in itself reflects the notorious operator dependency of the ultrasound examination in general. By using the combined parameters of peak systolic velocity and renal aortic ratio at these lower thresholds, we could have been 93% confident that a negative results means that a renal artery is free from significant stenosis with a consequential decrease in positive predictive value (Table 3 ). In our study, this would have resulted in a reduction of false-negative examinations by eight patients at a cost of angiographic examinations in 38 patients with a false-positive outcome. Yet, the clinical implementation of screening tests such as duplex ultrasound is not determined by its validity results only. Other factors, such as population structure, pre-test likelihood and costeffectiveness also influence the actual usefulness, which may lead to disparity in appreciation of test results in different clinical circumstances.
All incomplete examinations (11 kidneys) were excluded from our results, whereas these data should be added as a positive result since they would require angiography in a screening setting. Based on the angiographic results in this sub-group of patients and on the traditional threshold para- Odds ratio = sensitivity × specificity/{1 − sensitivity} × {1 − specificity}.
meters, sensitivity and specificity for duplex ultrasound would have been 57% and 86% respectively. Supernumerary renal arteries were noted on angiography in 18% of the kidneys (n = 24), but none of these were detected with duplex ultrasound. Visualisation of a single normal renal artery does not exclude the possibility of a stenotic supernumerary renal artery. Although the influence of stenoses in small supernumerary renal arteries is not completely understood, the examination should be marked as inadequate, further limiting the outcome of our data and, therefore, the usefulness of duplex ultrasound.
Duplex ultrasound performed particularly poor in patients with fibromuscular dysplasia (n = 5), resulting in a sensitivity of 11% and specificity of 81%, with duplex parameters which fall within the normal range of non-diseased vessels (Table 1) . This observation might be caused by fundamental differences in underlying pathology compared to atherosclerotic renovascular disease. Also, the prerequisite to evaluate the entire length of the renal artery including the more peripheral segment, which, even in experienced hands is cumbersome, may be an
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Compared with other studies in which only patients screened for renovascular hypertension were included, our results fall well within the wide range of reported data in terms of specificity, sensitivity and number of inadequate examinations. In our study as well as in others (Table 4a) , the duplex ultrasound data of supernumerary renal arteries were excluded from evaluation, thereby accepting a number of inadequate examinations since these vessels may be as large as the main renal arteries and therefore of hemodynamic significance. 9, [11] [12] [13] [19] [20] [21] [22] [23] In order to overcome these limitations, others have suggested the technique of duplex ultrasound examination of the intrarenal vasculature. 8, 10, [24] [25] [26] [27] [28] [29] [30] Analysis of the Doppler spectral waveform, with several criteria, ie mean resistive index, tardusparvus phenomena and acceleration time, has been proposed as an alternative to detect upstream stenosis. With the lateral approach to the kidney, duplex examination of the intrarenal arteries is easier to perform resulting in a higher number of complete examinations than with direct scanning of the renal arteries. Furthermore, recording of changes in Doppler velocity waveform pattern downstream in the segmental arteries makes it possible, at least in theory, to detect stenotic lesions in main, supernumerary and segmental arteries, although this hypothesis has been argued by others. 31 Despite these theoretical advantages the range in sensitivities and specificities remains relatively wide: 57-100% and 69-99% respectively (Table 4b ). These discrepancies can be partly attributed to the variability in criteria and degree of stenosis. However, the intrarenal parameters are probably influenced by several, complex factors (ie, pulse, diastolic blood pressure) which may also account for the differences in the tabulated results. 32, 33 Direct visualisation of the main renal arteries with duplex ultrasound combined with Doppler spectral waveform analysis in the main and segmental renal arteries 31, [33] [34] [35] [36] [37] [38] [39] does not seem to result in significantly better results with sensitivities ranging from 47-89% and specificities from 76-98% (Table 4c) .
The range and variety of sensitivities and specificities in the quoted studies cannot be explained by the application of different cut-off points. This is demonstrated in Figure 2 , as it is not possible to fit one summary receiver-operating curve (SROC) over Figure 2 Sensitivity vs 1-specificity in 25 studies concerning detection of renovascular disease with duplex ultrasound vs angiography, using three different duplex ultrasound strategies. Note: Duplex data acquisition using the traditional criteria (PSV max , RAR) in the renal artery only (b); or by direct visualisation of the renal artery in combination with spectral waveform analysis in the main and segmental arteries (+); or by spectral waveform analysis in the intrarenal vasculature (̅). Present study using traditional parameter thresholds: PSV max 180 cm/sec and RAR Ͼ3.5 (#). Present study using lowered parameter thresholds: PSV max 110 cm/sec and RAR Ͼ1.7 (᭜). the marks representing the different studies and ultrasound strategies. 40 For quantitative analysis of the literature data the diagnostic Odds Ratio (= sensitivity × specificity/{1 − sensitivity} × {1 − specificity}) was calculated for each study (Table 4a -c). The Spearman rank correlation coefficients between diagnostic Odds Ratio's of the separate studies and a number of study variables, ie number of patients, prevalence of renovascular disease, year of publication, are less than 0.3, indicating a lack of influence of these variables on the diagnostic performance of duplex ultrasound. A sound explanation for the wide range of odds ratio's (Table 4 ) cannot be deducted from the indicated variables in the respective study protocols. Yet, apart from differences in composition of the study population, the different levels of experience with duplex ultrasound in the institutions concerned is likely to account for a substantial part of this variety in results.
In conclusion, in a population of hypertensive patients suspected of renovascular hypertension on clinical grounds, duplex ultrasound proved to have limited value for detection of renovascular disease when commonly applied parameter thresholds: PSV max 180 cm/sec and RAR Ͼ3.5 were used. In addition, the relatively large number of incomplete examination in combination with the wide range of results published in international literature does not support the general application of duplex ultrasound as a screening procedure for detection and assessment of renovascular disease.
